Acquired enamel pellicle (AEP) is a protein film that forms on the enamel surface of teeth by selective adsorption of proteins and peptides present in the mouth. This protein film forms the interface between enamel and the damage oral biofilm, which modulates the attachment of bacteria found in oral biofilm. The overall goal of this study was to gain insight into the biological formation of the human in vivo AEP. This study hypothesized that AEP is created by the formation of successive protein layers, which consist of initial binding to enamel and subsequent protein-protein interactions. This hypothesis was examined by observing quantitative and qualitative changes in pellicle composition during the first two hours of AEP formation in the oral cavity. Quantitative mass spectrometry approaches were used to generate an AEP protein profile for each time-point studied. Relative proteomic quantification was carried out for the 50 proteins observed in all four timepoints. Notably, the abundance of important salivary proteins, such as histatin 1, decrease with increasing of the AEP formation, while other essential proteins such as statherin showed constant relative abundance in all time-points. In summary, this is the first study that investigates the dynamic process to the AEP formation by using proteomic approaches. Our data demonstrated that there are significant qualitative and quantitative proteome changes during the AEP formation, which in turn will likely impact the development of oral biofilms.
Introduction
The composition of the acquired enamel pellicle (AEP) formed in vivo has been studied by many techniques, including microscopy [1] , amino acid analysis [2, 3] , gel-filtration and ion-exchange chromatography [4, 5] , and electrophoresis and immunoblotting [6, 7, 8, 9, 10, 11, 12] . All of these studies have been limited by the difficulties encountered in obtaining adequate amounts of AEP material for classical biochemical characterization [13] . However, a consistent finding has been that the amino acid compositions of pellicles from different subjects are remarkably similar [3] . Recent developments of sensitive proteomic methodologies have opened new avenues for the characterization of very-low-abundance biological samples such as AEP. Using this proteomic technology, studies have been carried out to explore the composition of in vitro [14, 15] , in situ [16, 17] and in vivo AEP [15, 18] . As a results of this novel technology, our group have used mass spectrometry to perform the first global proteome of human pellicle [19] . We have successfully identified 130 AEP proteins, which have been characterized according to origin, putative biological function and possible role in AEP structure. A surprising finding was that only 14% of the identified proteins were derived from exocrine salivary secretions. Most of the identified pellicle proteins originated from the non-exocrine contributors to whole saliva, comprising epithelial cells (68%) and serum (18%). The latter oral fluid contributor enters the oral cavity through the gingival crevice.
When the 130 proteins were categorized based on their possible role in AEP formation, three main groups, together adding up to 61% of all proteins were identified. The first group consist of proteins that have the ability to bind calcium ions, comprising 18% of the identified AEP proteins. Among these are the acidic PRPs and histatins, both proteins originating from exocrine salivary secretions. The second group (15%) consists of proteins that show a high tendency to bind phosphate ions, such as elongation factor 2 and myosin-9, both proteins are derived from epithelial cells. The third group (28%) consists of proteins that have been described to have interactions with other proteins. An example is MUC5B, which has been described to form complexes with several other salivary proteins, including salivary a-amylase, histatin and statherin [20, 21] .
We hypothesize that in vivo AEP pellicle is created by the formation of successive protein layers, based initially on binding to tooth mineral (calcium and phosphate) and subsequently on protein-protein interaction. This working hypothesis will be examined by assessing quantitative and qualitative changes in AEP composition during the first two hours of formation in the oral cavity. Quantitative mass spectrometry approach will be performed to generate an AEP protein profile for each time-point studied. We expect to identify and characterize the particular proteome profiles for the initial and final stages of AEP formation, where proteins or peptides with affinity to hydroxyapatite will be more abundant in the first stages of AEP formation, and the remaining AEP components will be subsequently incorporated into the pellicle film.
Methods

Acquired Enamel Pellicle Collection
This study was approved by the Research Human Ethics Board of the University of Western Ontario (review number 16181E). Written informed consent was acquired from all subjects in this study. AEP were collected from 7 patients including 4 male and 3 female (aged 20 to 30 years old). The participants were healthy individuals who did not have systemic and oral diseases. The samples were collected between 9 am and 11 am. Subjects were not allowed to eat or drink 2 hours before the sample collection. Each participant was subjected to dental prophylaxis in order to remove the previous existing AEP. Subsequently, they were asked to wait for each time-points in order for AEP to form on the enamel surface. Four different time-points were used in the current study; including 5, 10, 60, and 120 min. The collections were carried out as described before [22] on different days for each time-point using the same volunteers. After collecting, the samples were kept at -80uC.
AEP Elution from Collection Strips via Sonication
All collection strips were pooled into a 15 mL Falcon tube. Pool samples from each time-point were kept separately. Three mL of 50 mM NH 4 HCO 3 , pH 7.8 were added into the tubes until all the strips were submerged by the solution. Subsequently, the samples were sonicated at room temperature for 1 min. The supernatants were collected and dried in a rotary evaporator. Micro-BCA was performed to measure the total protein concentration from each AEP time-point.
In-Solution Digestion
Equal protein amount (20 mg) from each time-point group was dried by a rotary evaporator, denatured and reduced for 2 h by the addition of 200 ml of 4 M urea, 10 mM dithiothreitol (DTT), and 50 mM NH 4 HCO 3 , pH 7.8. After four-fold dilution with 50 mM NH 4 HCO 3 , pH 7.8, tryptic digestion was carried overnight at 37uC, after the addition of 2% (w/w) sequencinggrade trypsin (Promega, Madison, WI, USA). After protein digestion period the samples were completely dried to stop the enzymatic reaction.
Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry (LC-ESI-MS/MS)
Peptide separation and mass spectrometric analyses were carried out with a nano-HPLC Proxeon (Thermo Scientific, San Jose, CA, USA) which allows in-line liquid chromatography with the capillary column, 75 mm X 10 cm (Pico Tip TM EMITTER, New Objective, Woburn, MA) packed in-house using Magic C18 resin of 3 mm diameter and 200 Å pores size (Michrom BioResources, Auburn, CA) linked to mass spectrometer (LTQVelos, Thermo Scientific, San Jose, CA, USA) using an electrospray ionization in a survey scan in the range of m/z values 390-2000 tandem MS/MS. Equal amount of all samples (20 mg/each group) were re-suspended in 20 ml of 97.5% H 2 O/ 2.4% acetonitrile/0.1% formic acid and then subjected to reversed-phase LC-ESI-MS/MS. The nano-flow reversed-phase HPLC was developed with linear 80 minutes gradient ranging from 5% to 55% of solvent B in 65 minutes (97.5% acetonitrile, 0.1% formic acid) at a flow rate of 300 nl/min with a maximum pressure of 280 bar. Electrospray voltage and the temperature of the ion transfer capillary were 1.8 kV and 250uC respectively. Each survey scan (MS) was followed by automated sequential selection of seven peptides for CID, with dynamic exclusion of the previously selected ions.
The obtained MS/MS spectra were searched against human protein databases (Swiss Prot and TrEMBL, Swiss Institute of Bioinformatics, Geneva, Switzerland, http://ca.expasy.org/sprot/ ) using SEQUEST algorithm in Proteome Discoverer 1.3 software (Thermo Scientific, San Jose, CA, USA). Search results were filtered for a False Discovery rate of 1% employing a decoy search strategy utilizing a reverse database. An additional inclusion criterion for positive identification of proteins was the same protein passing the filter score from at least in three different MS analyses from the same time-point group in a total of four MS analyses per group.
Integration and Relative Proteome Quantitation
For quantitative proteome analysis, three MS raw files from each pooled group were analyzed using SIEVE technology (Version 2.0 Thermo Scientific, San Jose, CA, USA). Signal processing was performed in a total of 12 MS raw files. The SIEVE experimental workflow was defined as ''Control Compare Trend Analysis'' where one class of samples was compared to one or more other class of samples. Here the control samples (5-min AEP period) were compared to each of the samples that were harvested in different time-point (10, 60 and 120 min). For the alignment step, a single MS raw file belonging to the 5-min AEP group was selected as the reference file and all of the other files were adjusted to generate the best correlation to this reference file. After alignment, the feature detection and integration (or framing) process was performed using the MS level data with a feature called ''Frames From MS2 Scans'' only. When using this type of framing only MS mass-to-charge ratio (m/z) values that were associated with MS2 scan were used. Any m/z measurements that did not have MS2 were ignored. The parameters used consisted of a frame m/z width of 1500 ppm and a retention time width of 1.75 min. A total of 73456 MS2 scans were present in all of the 12 RAW files that resulted in a total of 11151 frames. Then peak integration was performed for each frame and these values were used for statistic analysis. Next, peptide sequences obtained from the database search using SEQUEST algorithm in Proteome Discoverer 1.3 were imported into SIEVE. A filter was applied to the peptide sequences during the import that eliminated all sequences with a Percolator q-value greater than 1% (false discovery rate). Peptides were grouped into proteins and a protein ratio and p-value were calculated. SIEVE uses a weighted average of the peptide intensities for the protein calculation. By using the weighted average, peptides with lower variance in their intensity measurements have a higher weight on the overall protein ratio. This was done to decrease variance in protein level quantities based on variance of the peptides that compose proteins. Only proteins observed in all four time-point groups were quantified. 5-min AEP group was used as our default group and all other three groups were compared with 5-min AEP group.
Relative abundance of an individual protein from 5-min AEP group was considered significantly different protein level when the values observed were ,0.75 for decrease abundance or .1.25 for increase abundance, and a p-value ,0.05 as described [23] . 
Results
The peptide ions were identified by the SEQUEST search following the criteria as described in Methods. For the proteome identification of the AEP, formed in all four different time-points carried out in this study, a total of 89 different proteins were identified in 5-min AEP formation, 92 different proteins were identified in 10-min AEP formation, 107 different proteins were identified in 60-min AEP formation and 101 different proteins were identified in 120-min AEP formation ( Table 1 ). The majority of the proteins were identified in all four groups indicating a high overlap in AEP proteins. Figure 1 shows a Venn diagram with the number of proteins from each group and their overlaps among the four groups. A total of 50 proteins were present in all four groups. Six proteins were exclusively present in 5-min AEP group. Four proteins were exclusively present in 10-min AEP group. Two proteins were exclusively present in 60-min AEP group and other 3 proteins were present only in 120-min AEP (Table 1 ; Figure 1 ). Relative proteomic quantification was carried out in the 50 proteins observed in all AEP time-point groups. Differential display of MS/MS spectra was carried out using SIEVE software. A first step in the quantitative proteomic analysis by SIEVE was to promote an alignment of all mass spectrometry chromatograms. One of the mass spectrometry chromatogram was noted as default chromatogram (5-min AEP). All other chromatograms were compared with the default one. Coefficient correlation score values were acquired for each mass spectrometric chromatogram and mean score values were calculated for each group. The values were 0.831 to 10-min AEP group, 0.851 to 60-min AEP group and, 0.813 to 120-min AEP. A threshold for significant differential level was set up at variation higher or lower than the 25% protein level observed in the control group. A total of 40 proteins showed a differential level between 5-min AEP group and 10-min AEP group where 22 showed a decrease level and 18 proteins showed an increase level. In addition, 19 proteins showed a decrease level between 5-min AEP group and 60-min AEP group and 17 proteins showed an increase level. Comparison of the 5-min AEP group with 120-min AEP group, demonstrated 24 proteins with a reduced protein level while 14 protein showed an increase ( Table 2) .
Pellicle proteins for each time-point were analyzed according to their role in AEP structure formation or molecular interaction; and the proteins were segregated into three main groups (Table 1; Figure 2 ). Overall, AEP proteins containing calcium and phosphate binding property were more predominant when the time-points 5-min and 10-min AEP formation was counted, between 50% and 85%, respectively (Table 1) . While AEP proteins with protein-protein interaction property demonstrated a gradual increment according to the pellicle development ( Figure 2 ).
Discussion
One of the major achievements of this study was to obtain a broader insight into the protein pattern profile of the AEP during its first two hours formation. In this study, a state-of-the-art approach, label-free quantitative proteomics based on mass spectrometry, was used to investigate the precursor protein members present in the AEP and its behavior during the AEP formation. Interestingly, according to the pellicle development was happening, the measured alignment value was become more distant than the default chromatogram (5-min AEP, established score 1). This observation suggests a change in quantity and quality of protein/peptides according to the pellicle formation.
Both, histatin 1 and histatin 3 proteins demonstrated drastic reduction abundance after 60 and 120 minutes pellicle formation when compared with the first 5 minutes pellicle development ( Figure 3A, B) . Despite the high affinity of those proteins to the enamel surface, histatins are highly susceptible to proteolytic degradation [24, 25] . On the other hand, recent study has showed that histatin 1 when attached to the enamel surface; this protein is less susceptible to proteolytic degradation [26] . In our study, we observed a high abundance of these proteins in the initial stage of the pellicle formation (5-min AEP group), which can be correlated to the well-characterized features of these proteins to be the precursor protein in the formation of the AEP, but a significant reduction according to the time development of AEP. This observation can be related to the protein degradation susceptibility common observed in this protein family when in saliva or attached to the enamel surface.
Other important salivary proteins such as statherin, that presents similar characteristics as histatins, has high affinity to hydroxyapatite and susceptible to proteolytic degradation when in saliva [27] , has demonstrated a complete different pattern. Statherin relative protein abundance did not change during the time period for in vivo AEP development ( Figure 3C ). This finding indicates that statherin is a protein present in the first and final minutes of AEP formation with a similar abundance, suggesting that this protein is not highly susceptible to proteolytic degradation as histatins when bound to enamel; or this protein is not replaced by other proteins or peptides that are incorporated to AEP. However, our previous in vivo AEP peptidome study identified and characterized five naturally occurring statherin peptides ranging from N-terminal to C-terminal, demonstrating the presence of statherin peptides [22] . Similar phenomenon was observed with Cystatin D, where there was no significant abundance change according to the progress of AEP development. Other cystatins, such as cystatin S and SA demonstrated a different comportment, where these two proteins relatively increased in 10 and 60 minutes AEP formation, and relatively reduced in the last time period assessed.
Unexpected and interesting behavior was observed with acidic PRP1, a phosphoprotein that present a high affinity for hydroxyapatite and is potent inhibitor of secondary calcium phosphate precipitation, which is in large part due to their two phosphate groups linked covalently to Ser residues in position 8 and 22 [28] . This phosphoprotein showed a relative increase of 137% after 120-min AEP formation ( Figure 3D ). This observation is quite important since the predominant role of this protein family in the oral cavity is believed to be related to mineral homeostasis and the maintenance of tooth integrity.
Well-characterized salivary proteins such as amylase, MUC5B, lysozyme, and lactoperoxidase demonstrated a significant increase change according to the development of in vivo AEP (Figure 3E , F, G, H). All these proteins present protein-protein interaction features with other salivary proteins [20, 21] . This characteristic can justify the relative increase in the level of these proteins in the last stage of AEP formation, where for example these proteins can link to other proteins such as histatin 1. In this relation, recently we demonstrated that histatin 1 are able to interact with a total of 43 salivary proteins, including, amylase, MUC 5B, lysozyme, and lactoperoxidase [29] .
In summary, this is the first study that investigates the dynamic process to the AEP formation by using proteomic approaches. In addition, this study demonstrated that there is a tendency for salivary proteins with affinity to calcium and phosphate be more abundant in the early stages of the AEP formation while proteins with recognized protein-protein interaction property is more significant in the final development of the AEP. Understanding pellicle formation is of great interest in the field of preventive dentistry due to pellicle serving as a solid support for the development of the plaque biofilm. Thus, it is reasonable to postulate that interference in the protein composition and structure of AEP during its formation could be a significant preventive approach. In the long term, these findings could be used to develop salivary substitutes and therapeutics for the control of biofilm growth and remineralization of early caries. 
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